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SUMMARY 


The data presented in this report vere obtained by North American 
Aviation, Inc., from an investigation conducted in the Southern 
California Cooperative Wind Tunnel. Tests vere made over a range of 
Mach numbers from O. 3 OO to O .883 to determine the aerodynamic charac- 
teristics of a semispan model of a 35 ° svep-t>-back ving equipped vith a 
leading— edge slat and to gain additional knovledge of the aerodynamic 
loads and automatic operation of the slat. Lift, drag, and pitching- 
moment characteristics of the model ving in the presence of a fuselage 
vere measiired as veil as the pressures acting on the slat in the 
retracted and the full-open positions. The pressure data vere analyzed 
to ascertain the opening characteristics of the slat for two possible 
circular-arc slat tracks vhich could be used for automatic operation of 
the slat. 

Results of the investigation Indicated that for angles of attack 
of the order of 12° and above the slat vas effective for Increasing the 
lift coefficient of the ving for Mach numbers up to O. 826 . Increasing 
the Mach number siggravated a decrease in longitudinal stability of the 
ving caused by extension of the slat. It vas foiond that, for a circular- 
arc slat track, moving the center of rotation rearvard relative to the 
leading edge of the slat both increased the angle of attack and decreased 
the range of Mach numbers for vhich the slat vould tend to open auto- 
matically. 


INTRODUCTION 


The use of ving sveep and relatively thin vings on present-day 
airplanes to delay the onset of compressibility effects to higher speeds 
has resulted in a decrease in the maximum lift coefficient such that the 
minimum flight speeds are above desirable limits. Since customary 
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Mgb-lift devices such as trailing-edge flaps are heing utilized to the 
fullest extent to lover the stalling speed, additional devices, to he 
applied near the leading edge, su:e heing sotight to augment the lift and 
delay the onset of leading-edge separation. It is thought that leading- 
edge devices also might offer a solution to the problem of controlling 
the spanvise flov on a svept ving which leads to tip stalling and longi- 
tudinal instability. 

For many years the leading-edge slat has been considered as a 
device for improving lateral control in stalled flight in addition to 
being cai>able of producing high lifts on wings (reference 1) . Although 
some information on straight wings with leading-edge slats has been 
published (references 2 to 6), very little data are available on swept 
wings with leading-edge slats (references 7 and 8), To make some infor- 
mation immediately available on the effects of variations of Mach number 
on the characteristics of swept wings with leading-edge slats and on the 
automatic operation of these slats. North American Aviation, Inc., has 
furnished the NACA with results of tests conducted in the Southern 
California Cooperative Wind Tunnel of a semispan model of a 35° swept 
wing equipped with a leading— edge slat. 

The data presented herein describe the force and moment character- 
istics of the model at Mach numbers from O.3OO to O.883. Force and 
moment characteristics of the slat as determined from slat pressure 
distributions are also presented and have been analyzed in an effort to 
gain some knowledge of the operation of automatic slats . 


NOTATION 


The forces and moments acting on the model were referred to the 
wind 6oces and to an assumed center of gravity which lay in the plane of 
symmetry at a distance of O.I3 mean aerodynamic chord above the quarter 
point of the mean aerodynamic chord. The forces and moments acting on 
the leading-edge slat were referred to a system of axes which is in a 
plane normal to the slat leading edge and the origin of which is the 
intersection of the leading edge of the slat with the wing reference 
plane when the slat is in the retracted position. With the slat 
retracted, the x axis lay in the wing reference plane (fig. 1) and was 
normal to the slat leading edge, and the z axis was normal to the wing 
reference plane. When the slat was extended, the axes remained fixed 
with respect to the slat. 
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General Notation 


M Mach number 

p free-stream static pressiire, pounds per square foot 

q free— stream dynamic pressure, pounds per square foot 

Subscript 


u vmcorrected values 

(See Tests and Corrections to the Data.) 

Notation for Wing in the Presence of the Fuselage 


c 

^D 

Cl 

Cm 

R 

s 

a 

e 


mean aerodynamic chord, feet 


drag coefficient 
lift coefficient 



pitching-moment coefficient 


/ pitching moment \ 

V qsc J 


Reynolds number based on the mean aerodynamic chord 

projected area of semispan wing, square feet 

angle of attack of fuselage reference plane, degrees 

wing incidence relative to fuselage reference plane, degrees 


Notation for Leading— Edge Slat 


slat chord normal to leading edge, feet 

/^(z/c)h . ^ 

slat chord— force coefficient — / APc d(z/c) 

^(z/c)a 

IV 

when acting forward parallel to x aixis 


, positive 
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-ms 


Cr 

Cs 

Pi 

P 

APc 

APn 


slat moment coefficient about the leading edge, positive vhen 
tending to rotate slat trailing edge up 
(See appendix.) 


r 


slat normal— force coefficient 

when acting upward normal to ~x eocis 

slat resultant— force coefficient j^(Cix)^+(Cc)^ 

slat opening— force coefficient 
(See appendix.) 


J ' APn d(x/c) 

ELXll 

^(Cn 


, positive 


local static pressure on slat, pounds x>er square foot 

, Pl“P \ 

pressvire coefficient ( — ■ — ) 

<1 / 

z=constant 


P (forward) — P (rearward) 


P (upper surface) — P (lower surface) 


x=constant 


% 


X 


Xp 

^R 

z 

2r 


Ss 


radius of slat track, feet 
(See fig. 1.) 

distance along x axis behind the slat leading edge, normal to 
the leadliig edge, feet 

X coordinate of center of pressvire 

X coordinate of center of rotation, feet 
(See fig. 1.) 

coordinate, normal to x axis, feet 

z coordinate of center of pressure 

z coordinate of center of rotation, feet 
(See fig. 1.) 

angle between x axis with slat extended euad x axis with slat 
retracted, degrees 
(See fig. 1.) 


line— of-action angle 



degrees 
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Subscripts 


a tna.yinmm ordinate belov X axis 

b maximum ordinate above x axis 


MODEL AKD APPARATUS 


The semispan model \ised in this investigation consisted of a left 
ving panel and the corresponding half fuselage (fig. l) . The ving had a 
taper ratio of 0.513 and an aspect ratio of 4.785. The quart e]>-chord 
line was swept back 35.23°. The dimensions of the wing are given in 
table I, and the variation of incidence is shown in figure 2, 

In the original wing, the quarter-chord line was swept back 35° 
and the NACA 0012-64 and 0011—64 sections were laid out normal to this 
line at the root (station O) and near the tip (station 6 .I 3 ), respec- 
tively. The present wing resulted from adding a constant— chord exten- 
sion to the trailing edge of the original wing. The sections were 
modified by drawing straight lines thro\agh the new trailing edge and 
tangent to the original contovir. 

• 

The wing was equipped with a constant— chord leading-edge slat which 
was divided into four segments. Movement of the slat was in a direction 
normal to the leading edge, A section of the slat is shown in figure 1 
along with a table of dimensions locating the slat with respect to the 
center of rotation for two circular-arc tracks. Only track B was 
actually simulated, but the dimensions for track A were also used in 
computing the slat opening— force characteristics. The slat was 
secured in both the retracted and the full— open position by means of 
metal brackets. A single row of static— pressure orifices was installed 
in each of the three inner segments of the slat. The orifices were 
flush with the slat surfaces, and the rows were normal to the leading 
edge of the slat. The spanwise positions of the rows are indicated in 
figure 1. 

The wing was attached to the tunnel balance system. The fuselage 
was moxmted on the turntable in the tunnel floor, and was separated from 
the wing by a gap which was sealed in a maimer that imposed no restraint 
on the wing. Therefore, no direct forces acting on the fuselage were 
measured. The fuselage was provided with boimdary— layer ducts in order 
to minimize the effects of the tunnel— floor boundary layer. 
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TESTS ADD CORRECTIONS TO THE DATA 


Over the range of Mach mmhers from O.3OO to 0.883^ measurements 
vere im.de of the life, drag, and pitching moment of the model at various 
angles of attack with the slat retracted and with the slat fully- 
extended. Distributions of s-tatic pressure over the upper and lover 
surfaces of the three inner slat segments vere measured for the same 
test conditions except at a Mach number of 0 .883 with the slat extended. 
The -variation with Mach number of Reynolds number for this model is 
shown in figure 3* All tests reported herein vere made with the viog in 
the presence of the fuselage. 

The corrections applied to the data to compensate for -the blockage 
of the air stream by the model are as follows ; 


vhere 


M = Mu 



0.0091 

( 1 - Mu )®/2 



y = 1.4 

.0091 


[1^ 0,0091 . 


The following jeb-boxmdary corrections vere added to the drag— coefficient 
and angle— of— attack data: 


= 0.0183 (Cl^) 
= fM(CL) 

■irtiere fj( is given in the -table: 


M 

% 

0.300 

1.39 

.601 

1.46 

.801 

1.59 

. .826 

1.63 

.851 

1.67 

.883 

1.7^ 


For a Mach number of O.883, tunnel-^wall static— pressure data indicated 
-chat the tunnel vas choked for angles of attack of the model of 6° or 
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above. Tbe data for these conditions, therefore, are questionable. The 
tunnel was not choked for Mach numbers of 0 .851 or less . 


KESUI/rS AMD DISCUSSION 
Model Forces and Moments 


The lift, drag, and pitching-moment cheiracteristics of the model 
with the slat retracted and with the slat fully extended are presented 
in figure k for various Mach numbers. Some of the curves do not extend 
throTigh zero lift or maximum lift, consequently a complete analysis and 
comparison of the effects of slat extension could not be made. 

Lift.— As shown by the data in figure 4, for angles of attack of 
the order of 12° and above, the slat appears to have been effective in 
increasing the lift of the wing for Ifeich nunibers up to 0.826. The slat 
increased the angle of attack for zero lift about 0.7° for Mach numbers 
up to 0,801, and em increase of similar magnitude seems likely for the 
higher Mach numbers although the curves do not cross the axis. For Mach 
numbers of O.3OO and O.60I (figs. 4(a) and 4(b)), the lift curves for 
the wing with the slat extended remained essentially linear to higher 
angles of attack than did the curves for the wing with the slat retracted, 
indicating that extension of the slat delayed the occurrence of flow 
separation over some portions of the wing to a higher angle of attack. 
This improvement was probably due to a reduction of the peak pressures 
and of the adverse pressure gradient near the wing leading edge, and 
also to a beneficial effect on the boundary layer on the upper surface 
of the wing from the air flow through the gap between the slat and the 
wing. 


For Mach numbers of O.80I and above (figs. 4(c) through 4(f)), 
there was a decrease in the slope of the lift curves for the wing with 
the slat extended prior to any reduction of slope of the curves for the 
wing with the slat retracted. In the absence of pressure measurements 
or tuft studies of the flow over the main portion of the wing, it is 
not possible to explain these changes in liftr-curve slope. 

Drag .— The drag characteristics of the model with the slat 
retracted and with the slat extended are summarized in figures 5 and 6. 
As shown in figure 5/ extension of the slat increased the drag coeffi- 
cient and reduced the Mach number for drag divergence for low values of 
the lift coefficient. However, for the higher lift coefficients, 
extension of the slat caused the drag coefficient to remain nearly 
constant up to a Mach number of approximately O.65 which resulted in a 
marked reduction in the drag coefficient over the middle portion of 
the range of Mach numbers for a lift coefficient of 0.5 and over 
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ess-sutially the entire range of Mach numbers for a lift coefficient of 
0.6. Figure 6 shove that extension of the slat restated in an increase 
in the lift-drag ratio only above a lift coefficient of approximately 
0.61»- for a Mach ntmber of O.3OO and 0.48 for Mach numbers from O.6OI 
to 0.851. For the wing with the slat retracted or extended, the maxlm^rni 
values of lift— drag ratio decreased with increasing Mach number. It 
should be remembered that the lift and dreig of the fuselage are not 
Included in the absolute values of the lif-b-drag ratio. 

Pitching moment .- For a Mach number of O.300 (fig. 4 (a)), exten- 
sion of the slat caused a reduction in the static longitudinal stability 
of the model wing for the comparable range of lift coefficients. For 
Mach numbers of O.60I and above (figs. 4(b) to 4 (f)), the pitching- 
moment coefficients for the model wing with the slat extended indicated 
a range of neutral or slightly negative stability for low lift coeffi- 
cients followed by a change to instability as the lift coefficient was 
Increased and subsequently a change back to stability at the higher lift 
coefficients. The severity of these changes increased and they occurred 
at progressively lower lift coefficients as the Mach number was increased. 
For Mach nunODers of O.80I and above, the increased instability with the 
slat extended coincided approximately with the decreases in lift-curve 
slopes mentioned previously. 


Slat Pressure Distribution 


Some typical graphs of the chordwlse and thicknesswise distribvi- 
tions of press\ire over the leading-edge slat are presented in figures 7 
and 8 for the varioTos test Mach numbers. The thicknesswise distribu- 
tions of pressure, although presented, are not discussed since they were 
used only for obtaining force and moment coefficients. 

From a comparison of pressure— distribution curves for corresponding 
test conditions (e.g., segment 1 curves for approximately equal angles 
of attack from figs. 7(a) and 8(a)), the following restats were evident. 
Extension of the slat reduced the peak pressures neetr the leading edge 
as well as the adverse pressure gradient over the upper surface. The 
location on the slat of maximum pressure (correspondlisg to stagnation 
pressure on a strai^t wing) moved around the leading edge toward the 
upper surface as the slat was extended. The lower-surface static 
pressures also were altered considerably by extension of the slat. 

With the slat retracted, pressures over its lower surface in the 
region from the discontln^dty in the slope of the slat contour to the 
80— percent— chord point were nearly constant. With the slat extended, 
the small region of constant pressure on the lower surface (x/c = 0.20 
to 0.25 approximately) is believed to be indicative of flow separation 



MCA RM A51H23 


9 


from the surface at the discontinuity in the slope of the contour and 
reattachment a short distance heyond. Following reattachment, the flov 
vas retarded — nearly to maximum^ressure conditions for the higher 
emgles of attack — before being accelerated when passing through the 
gap formed by the trailing edge of the slat and the upper surface of the 
wing. 


The only noticeable effect of the Mach number variations on the 
slat pressure distributions was a continuo\is decrease in the leading— edge 
pressure pesik as the Mach number was Increased. 


Slat Forces and Moments 


The force and moment characteristics of the various slat segments 
in the retracted and in the extended positions, obtained by integration 
of the graphs of the pressure distributions, are presented in figures 9 
to 11 for several Mach niimbers. Increasing the Mach number cavised no 
consistent change in the normal— force and moment characteristics of the 
slat, but did decrease the slopes of the chordwise force curves for both 
positions of the slat. For each Mach number, extension of the slat 
generally resulted in a sizable reduction of the magnitude of the forces 
and moments and the slopes of the respective curves for a constant angle 
of attack. 


Automatic Slats 


Due to the nature of the forces and moments acting on a leading- 
edge slat, the slat can be made to extend Itself automatically as a 
function of angle of attack without the use of a mechanical actuating 
mechanism. The path or track the slat is to follow from the retracted 
to the extended position is dictated by the particular wing and slat 
design. 

The data for the slat of this report have been analyzed for two 
possible circular-arc tracks to determine the effect of the location 
of the center of rotation of the track on the slat opening— force char- 
acteristics. The forces euid moments acting on the slat were resolved 
into a component of force acting tangential to the circulaiv-arc track, 
that is, the slat-opening force. 

Application of data .— The centers of rotation for the two slat 
tracks considered are defined in figure 1. The slat opening— force 
coefficients are shown in figure 12 as a function of angle of attack 
for track A with the slat retracted and for track B with the slat 
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retracted and fiilly extended. For negative values of the slat opening- 
force coefficient, the slat vill tend to retract, while for positive 
values the slat will tend to open. As shown in figure 12, a change from 
track A to track B would increase the angle of attack for which the slat 
would first tend to open. Increasing the Mach number had little effect 
on the angle of attack for which the slat with track A would first tend 
to open. The opening characteristics of the slat with track B, however, 
were affected considerably by an increase in Mach number. The data for 
Mach numbers of 0,300 and 0.601 indicate positive opening-force coeffi- 
cients for the three inner segments of the slat. The data obtained at 
higher Mach numbers indicate positive opening— force coefficients only 
for the second segment of the slat, and these coefficients were small. 
Therefore, judging from these data, it is doubtful if the slat with 
track B would open for a Mach nmber of 0,801 or above. However, with a 
positive opening— force coefficient for only one segment, the possibility 
remains that the slat could open e,skew to the original leading edge. 

The data in figure 12 for the slat with track B Indicate that, for 
angles of attack above 4°, extending the slat reduced the slat opening- 
force coefficient Cs. This reduction resulted in an angle-of-attack 
range for Mach numbers of 0,300 and 0.601 wherein Cs for the slat in 
the retracted position was positive, while Cs for the slat in the 
extended position was negative (figs. 12(a) and 12(b)). Therefore, for 
these angles of attack, the slat would open only a fraction of its 
complete travel. 

Design considerations .— If 
the forces and moments acting on a 
slat are known, the angle of attack 
for which a positive value of the 
slat opening— force coefficient first 
will be realized can be determined 
readily by the use of a diagram such 
as is shown. The slat opening-force 
coefficient Cs is related to the 
slat resultant— force coefficient 
since Cs times the radius of the 
circulai^rc slat track must 
equal Cr times the distance from 
the line of action for Cr to the 
assiimed center of rotation. When 
the line of action for Cr falls to 
the left of an assumed center of 
rotation the moment about the center 
of rotation tends to keep the slat 
retracted. When the line of action 
for Cr falls to the right of the 
center of rotation, the moment acts 
to extend the slat. Thus, for a 
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center of rotation assumed to lie "below the intersection of euid between 
the two lines of action shown in the sketch, the slat would start to 
open for an angle of attack greater than ai but less than og. Nor- 
mally the center of rotation would be placed far enotigh below the wing 
reference plane to reduce the curvature of the slat track so that the 
mechanism coixld be contained completely within the wing. 

The variation in nvmierical value of the slat opening— force coeffi- 
cient resulting from extension of the slat, due to changes in both mag- 
nitude and direction of the slat forces, would suggest that a slat path 
that did not maintain a fixed center of rotation might permit the slat 
to extend or retract completely in a very small range of euigle of attack. 

The mass of the slat introduces additional forces which sho\ild be 
considered along with the aerodynamic forces in the design of an auto- 
matic slat. In accelerating or decelerating flight, the forces due to 
the mass of the slat will influence the tendency of the slat to open, 
depending upon the location of the center of gravity of the slat with 
respect to the center of rotation for the slat track. 


CONCLUSIONS 


Data contributed by North American Aviation, Inc., from tests on a 
semispan model of a 35° swept— back wing with a leading-edge slat have 
indicated the following conclvisions: 

1. For angles of attack of the order of 12° and above, the slat 
was effective in increasing the lift coefficient of the wing for Mach 
numbers up to 0 . 826 . 

2. Extension of the slat caused a reduction in the static longi- 
tudinal stability of the wing for all but the highest lift coefficients, 
the largest changes in stability occurring at the higher Ifeich numbers. 

3. For a circular-arc slat track, moving the center of rotation 
rearweurd relative to the leading edge of the slat both increased the 
angle of attack and decreased the range of Mach numbers for which the 
slat first tends to open automatically. 


Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Moffett Field, Calif. 
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APPENDIX 

DERIVATION OF EQUATION FOR SLAT OPENING-FORCE COEFFICIENT 



The summation of moments due to the slat forces tending to extend 
the slat is given hy the following: 


hut 


EM 


Cc(—^+Zp) 


Cn(xp-^p) 


qc 


Therefore 


Cc(zp) + Cn(xp) = Cms(c) 


EM 


^mg(®) ~ Cc(zp) 


Cn(^R) 


qo 


The product of the slat opening— force Cs<jc and the radius for the 
circulai>^rc slat track Rr also must equal the summation of moments: 

EM = Cs(RR)qc 


So 


Cb 


Cmg(c)-C^.(ZR)-Cn(xp) 
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TABLE I.- MODEL DIMERSIONS 


Wing (complete span) 

Area, square feet (includes 5.55 square feet 


covered "by fuselage) 31*99 

Span, feet . . . 12.39 

Mean aerodynamic chord, feet 2.69 

Aspect ratio ^.7^^ 

Taper ratio . 0.^13 

Geometric tvlst, degrees 2.0 

Dihedral, degrees 3*0 

Slat 

Area, square feet ^1.97 

Chord, feet (constant) ^ 0.36 


^Projected on ving reference plane, 
formal to leading edge of slat. 
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Section A-A 


Figure L- Dimensions of the semispan modei. 
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Figure 2 . — Variation of wing incidence along the semispan . 
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Figure 4 — Lift, drag, and pitching-moment characteristics of the modet wing. 
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Figure 4.- Continued. 




Tunnel choked 
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Figure 4 - Concluded. 
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Mach number, M 


Figure 5.- Variation with Mach number of the drag 
coefficient for the mode! wing. 


M=0.300 M^O.80! M=0.85l 



Figure 6— The Hft-drag ratio of the mode! wing. 
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□ Segment 2 
O Segment 3 
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Figure 7- Continued. 
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Unflagged symbols denote upper surface 
Flagged symbols denote lower surface 



(f) M= 0.883 


Figure 7.- Concluded. 
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o Segment / 
□ Segment 2 
O Segments 





Figure 6- The chordwise and fhicknesswise distributions 
of pressure over the ieading-edge slat in the 
extended position. 
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Angle of attack, a, deg 


(a) Segment / . 


Figure 9 — Normal-force characteristics of the 
leading-edge siat 
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(b) Segment 2 . 

Figure 9.— Continued. 



Slat retracted 

Slat extended 
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(a) Segment I . 


Figure 10 — Chord-force characteristics of the leading- edge siat. 
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(b) Segment 2 . 


Figure !0. - Continued. 
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Angle of attack, a, deg 


(cj Segnmt 3 . 


Figure iO -Concluded, 
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-4 0 4 8 12 16 20 for M-0.300 


Angle of attack, a, deg 


(a) Segment / . 


Figure U.- Moment characteristics of the teading-edge siat. 
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(b) Segment 2 . 


Figure //.- Continued. 


Tunnel choked 
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Figure //.- Concluded. 




Slat extended Track B 



Figure 12.- Opening- force characteristics of the leading- edge siat. 







Slat retracted 



Figure IB- Continued. 







Slat retracted 
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Slat retracted { ^ 

1 Track B 

Stat extended Track B 
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Segrr^ 

ent 2 


Segment 3 
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Segment / 


(e)M-0.85l 


Segment 2 


Segment 3 


^ .2 



Angle of attack, a, deg 
(f)M =0.883 
Figure 1 2.- Concluded. 
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